A number of signaling pathways underlying pathological cardiac hypertrophy have been identified. However, few studies have probed the functional significance of these signaling pathways in the context of exercise or physiological pathways. Exercise studies were performed on females from six different genetic mouse models that have been shown to exhibit alterations in pathological cardiac adaptation and hypertrophy. These include mice expressing constitutively active glycogen synthase kinase-3b (GSK-3bS9A), an inhibitor of CaMK II (AC3-I), both GSK-3bS9A and AC3-I (GSK-3bS9A/AC3-I), constitutively active Akt (myrAkt), mice deficient in MAPK/ERK kinase kinase-1 (MEKK1 À/À ), and mice deficient in cyclin D2 (cyclin D2 À/À ). Voluntary wheel running performance was similar to NTG littermates for five of the mouse lines. Exercise induced significant cardiac growth in all mouse models except the cyclin D2 À/À mice. Cardiac function was not impacted in the cyclin D2 À/À mice and studies using a phospho-antibody array identified six proteins with increased phosphorylation (greater than 150%) and nine proteins with decreased phosphorylation (greater than 33% decrease) in the hearts of exercised cyclin D2 À/À mice compared to exercised NTG littermate controls. Our results demonstrate that unlike the other hypertrophic signaling molecules tested here, cyclin D2 is an important regulator of both pathologic and physiological hypertrophy.
Impact statement
This research is relevant as the hypertrophic signaling pathways tested here have only been characterized for their role in pathological hypertrophy, and not in the context of exercise or physiological hypertrophy. By using the same transgenic mouse lines utilized in previous studies, our findings provide a novel and important understanding for the role of these signaling pathways in physiological hypertrophy. We found that alterations in the signaling pathways tested here had no impact on exercise performance. Exercise induced cardiac growth in all of the transgenic mice except for the mice deficient in cyclin D2. In the cyclin D2 null mice, cardiac function was not impacted even though the hypertrophic response was blunted and a number of signaling pathways are differentially regulated by exercise. These data provide the field with an understanding that cyclin D2 is a key mediator of physiological hypertrophy.
Introduction
Cardiac hypertrophy is a natural response to mechanical and neurohormonal stimuli and acts to reduce ventricular wall stress and maintain or increase cardiac function. [1] [2] [3] An increase in cardiac mass is primarily the result of increases in cardiomyocyte size. 4, 5 Depending on the nature of the stimulus, cardiac hypertrophy can be classified as either physiological or pathological. 3 Pathological hypertrophy is a maladaptive response associated with increased morbidity and mortality resulting from diseases such as hypertension, aortic stenosis, myocardial infarction, and genetic mutations. 6, 7 In contrast, physiological stimuli such as chronic exercise training elicit an adaptive response that is fundamentally different from pathological hypertrophy and is not associated with cardiac dysfunction or the development of heart failure. 8, 9 In fact, activation of physiological hypertrophy may even prevent or reverse cardiac disease. 3, 10 A growing body of literature has elucidated a number of functional, molecular and biochemical changes that take place during physiological cardiac growth. For example, exercise-mediated cardiac hypertrophy is associated with normal cardiac structure, normal or enhanced cardiac function, 11, 12 and is reversible upon cessation of exercise. 13, 14 There is a notable absence of the induction of the fetal gene program, fibrosis, and apoptosis in physiological hypertrophy. 15, 16 Physiological hypertrophy induces both fatty acid and glucose oxidation. 17 Finally, angiogenesis takes place at a rate that matches cardiac growth so that capillary density remains normal or even enhanced during physiological growth. 18 The hypertrophic signaling pathways that coordinate physiological hypertrophy are distinct from pathological hypertrophy (see Maillet et al. 9 for recent review). Briefly, exercise training stimulates the release of growth hormones and factors and mechanical forces that facilitate the growth response of the heart. These processes activate a number of cellular receptors and intracellular signaling pathways coordinating the myocardial changes uniquely associated with physiological cardiac hypertrophy including the IGF1-PI3K-Akt signaling pathway. 3, 9, 19 Interestingly, many of the molecular pathways that regulate pathological cardiac hypertrophy have not been evaluated for their role in the development of physiological hypertrophy. For example, although glycogen synthase kinase-3b (GSK-3b) negatively regulates pathological hypertrophy, [20] [21] [22] an increase in its phosphorylation state in response to voluntary wheel running suggests that GSK-3b signaling may be involved in physiological hypertrophy as well. 22 CaMK signaling has also been implicated in the development of pathological hypertrophy and inhibition of CaMKII signaling has been shown to be protective in the context of cardiac disease. [22] [23] [24] [25] Akt plays an important role in mediating cardiomyocyte size, is required for physiological hypertrophy, and overexpression of Akt leads to massive cardiac hypertrophy. [26] [27] [28] [29] MAPK/ERK kinase (MEK) kinase-1 (MEKK1) signaling is also important for pathological hypertrophy and can play opposite roles in the development of pathological hypertrophy depending on the context. [30] [31] [32] Lastly, increases in the cell cycle regulators, including cyclin D2, are associated with pathological cardiac hypertrophy 33 and mice lacking cyclin D2 have attenuated pathological hypertrophy. 34, 35 In order to determine whether these hypertrophic signaling molecules would impact the exercise response, we used a number of genetic mouse models to assess exercise performance and the hypertrophic response to exercise training. The mice used here include the following: overexpression of a cardiac-specific constitutively active GSK-3b (GSK-3bS9A), overexpression of a cardiac-specific constitutively active (myristoylated) Akt 1 (myrAkt), overexpression of a cardiac-specific CaMKII inhibitor (AC3-I), and mice deficient in either MEKK1 (MEKK1 À/À ) or cyclin D2 (cyclin D2 À/À ). We and others have previously shown that, on a voluntary cage wheel, female mice run longer distances and achieve more cardiac hypertrophy per kilometer run than male mice. 22, 36 Because of these findings, we used female mice in this study and exercised the mice for 21 days on a voluntary cage wheel. Our findings are that all genetic mouse models had similar exercise performance compared to littermate controls. Perhaps more important is that physiological hypertrophy occurred in all genetic mouse models except cyclin D2 À/À mice. Cardiac function was not impacted concomitant with attenuated cardiac growth in response to exercise in cyclin D2 À/À mice and we identified a number of proteins with increased or decreased phosphorylation in exercised cyclin D2 À/À mouse hearts compared to exercised NTG mice. Thus, these data establish cyclin D2 as an important regulator of physiological hypertrophy.
Materials and Methods

Experimental animals
The transgenic mouse model overexpressing a cardiac-specific, constitutively active form of GSK-3b (GSK-3bS9A) 20 or cardiac-specific constitutively active form of Akt (myrAkt) 29 were detailed previously. Transgenic mice with CaMKII inhibition (AC3-I) and transgenic control mice (AC3-C) are described elsewhere. 24 AC3-I transgenic mice were bred with GSK-3bS9A generating the GSK-3bS9A Â AC3-I double transgenic mouse. Transgenic mice deficient in MEKK1 (MEKK1 À/À ) 37 and cyclin D2 (cyclin D2 À/À ) 38 were previously described. Each transgenic mouse model was bred and offspring were genotyped by PCR for the presence of the specific transgene. For all transgenic mouse models except the MEKK1 À/À mice, littermate female mice lacking the respective transgene (NTG) were used for controls. There are no littermate controls as the MEKK1 À/À mice were bred to each other for this study. Female CB6F1 hybrid mice (The Jackson Laboratory) were also used. All research involving the use of mice was performed in strict accordance to approved protocols by the Institutional Animal Use and Care Committee at the University of Colorado and conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
Voluntary wheel running and exercise performance
Female mice 12-16 weeks of age were randomly placed into the sedentary or exercise group. Exercised mice were individually placed in a cage with access to a free wheel for 7 or 21 days as previously described. 39 Briefly, cages were fitted with an 11.5 cm-diameter cage wheel with a 5.0 cm-wide running surface (model 6208, PetsMart; Phoenix, AZ) equipped with a digital magnetic counter (model BC 600, Sigma Sport; Olney, IL). Exercise values of distance and time were recorded daily and speed was calculated for each exercised animal. Sedentary mice were placed into the same cage without a cage wheel.
Morphometric analysis
Within 8 h of completing the exercise protocol, mice were euthanized by cervical dislocation. Body mass was measured and hearts were harvested and washed in ice-cold PBS. The hearts were weighed and immediately either fixed in 10% phosphate-buffered formalin or snapfrozen in liquid nitrogen and stored at À80˚C. The ratio of heart weight-to-body weight (HW/BW) was calculated. 
Histological analysis
Whole hearts were fixed and processed as previously described. 21 Briefly, fixed hearts were processed by Premier Histology (Boulder, CO), embedded in paraffin, sectioned, and stained with hematoxylin-eosin (H&E) or Masson's trichrome stain. In H&E slides, left ventricular sections with suitable cross-sections, defined as having circular-to-oval myocytes sections, were analyzed by light microscopy and photographed. The outline of individual myocytes was traced and the mean area for each cell was quantified using NIH Image J software. The mean data reflect results from three to four hearts in each group (approximately 15-20 cells per heart).
Quantitative RT-PCR
Total RNA was extracted from frozen left ventricular tissue using the RNeasy kit (Qiagen) as per the manufacturer's instructions. RNA was quantified and its integrity was assessed using the Agilent 2100 Bioanalyzer. Using equal concentrations of total RNA, cDNA was synthesized using the iScript cDNA synthesis kit (Bio-Rad) following manufacturer's instructions. Using the synthesized cDNA for the PCR amplifications, gene expression levels of cell cycle genes were measured by quantitative RT-PCR using iTaq Universal SYBR Green (Bio-Rad) on the CFX96 Touch Real-Time PCR Detections System (Bio-Rad). Predesigned primer pairs for 18S, cyclin D1, cyclin D2, cyclin E1, and cyclin-dependent kinase (CDK) 4 were purchased from Bio-Rad (PrimePCR Primers). We used a standard curve to estimate the relative levels of cDNA in each sample and results were plotted as fold change relative to NTG hearts after normalization to 18S rRNA values.
Echocardiography
Left ventricular function was evaluated by transthoracic echocardiography on sedentary and mice exercised for 21 days as previously described. 40 M mode measurements determined the left ventricular internal dimension in diastole (LVIDd), left ventricular internal dimension in systole (LVIDs), left ventricular posterior wall thickness in diastole (LVPWd), left ventricular posterior wall thickness in systole (LVPWs), left ventricular anterior wall thickness in diastole (LVAWd), left ventricular anterior wall thickness in systole (LVAWs), left ventricular fractional shortening (FS), and left ventricular ejection fraction (EF).
Phospho-kinase array
The phosphorylation status of 46 different kinases was evaluated using the human phospho-kinase antibody arrays according to the manufacturer's protocol (R&D Systems, Minneapolis, MN) as detailed previously. 41, 42 Mice were exercised for seven days, the hearts were harvested, and left ventricular lysates were pooled from three mice. Equal amounts of protein were incubated with the arrays.
Data and statistical analysis
All data are reported as mean AE SEM. The percent increase in HW/BW ratio was determined by dividing the HW/BW ratio of each mouse subjected to exercise to the mean of the HW/BW ratio of the sedentary group. Statistical significance of difference between respective genetic mouse model and littermate controls, and sedentary and exercised groups was determined using unpaired, two-tailed Student's t-test. A value of P < 0.05 was considered statistically significant.
Results
Exercise performance and cardiac adaptation in GSK-3bS9A, AC3-I, and GSK-3bS9A Â AC3-I mice Because constitutive activation of GSK-3b and inhibition of CaMKII can attenuate hypertrophy associated with pathological stimuli, 20, 24 we examined whether these genetic mouse models would also be anti-hypertrophic in the context of exercise-mediated cardiac growth. Exercise training was conducted for 21 days using a cage free-wheel and exercise performance was measured by distance, duration, and average speed as previously described. 22, 39 At the end of the exercise program, mice were euthanized and the hearts were harvested and analyzed. Consistent with previous studies, 22 exercise in NTG female mice led to a significant increase in heart weight and heart weight-to-body weight (HW/BW) ratio ( Figure 1 ). GSK-3bS9A female mice exercised similarly compared to NTG littermate control female mice (9.9 AE 0.7 km/d versus 8.5 AE 0.7 km/d) ( Table 1 ). 43 Following exercise training, both average heart weights and HW/BW ratios were significantly increased in GSK-3bS9A mice compared to sedentary controls (HW/BW ratio, 4.51 AE 0.11 mg/g vs. 3 .73 AE 0.04 mg/g). This indicates that while the hearts of this transgenic model have a blunted hypertrophic response to a pathological stimulus, 20,21 their physiological hypertrophic response remains intact (Figure 1(a) ), even though the percent increase in HW/BW ratio was slightly less than NTG littermate controls (9.6% AE 0.7% vs. 13.2% AE 1.2%; Figure 1 (a)). Female mice with CaMKII inhibition (AC3-I) also had similar exercise performance values compared to female littermate controls (AC3-C) ( Table 1) . Exercise also resulted in increased heart weights and HW/BW ratio in AC3-I mice (Figure 1(b) ). Compared to female controls, AC3-I mice had a similar percent increase in HW/BW ratio following exercise (13.2% AE 3.7% vs. 15.2% AE 1.7%) ( Figure 1(b) ). Since neither constitutive activation of GSK-3b nor inhibition of CaMKII blocked the hypertrophic response of the heart to exercise, a doubly transgenic mouse was created expressing both constitutively active GSK-3b and the CaMKII inhibitory peptide in the heart (GSK-3bS9A x AC3-I). The GSK-3bS9A Â AC3-I female mice had a normal exercise capacity and achieved a 10.9% AE 4.0% increase in HW/BW ratio (Figure 1(c) ). Thus, expression of constitutive activation of GSK-3b or CaMKII inhibition alone or even the simultaneous expression of both transgenes in the heart does not affect exercise performance and, more importantly, physiological hypertrophy is achievable in these mice.
Exercise performance and cardiac adaptation in myrAkt mice
A number of studies have implicated Akt in physiologic cardiac growth. 19, 27, 29 In the current study, we used transgenic mice that express a constitutively active form of Akt through myristoylation (myrAkt) that leads to massive hypertrophy in males and females. 44 Consistent with these prior findings, we observed a similar significant increase in heart size and HW/BW ratio in sedentary myrAkt female mice ( Figure 2 ). Because of the already large hearts, it was unclear whether these massive hearts could undergo further hypertrophy. We found that expression of myrAkt did not have a significant impact on exercise performance as myrAkt mice ran on average 7.1 AE 0.4 km/d compared to NTG controls which ran 8.0 AE 0.7 km/d (Table 1) . Additionally, both heart size and HW/BW ratio increased as a result of exercise training in myrAkt female mice. In fact, no difference in percent increase in HW/BW ratio was observed in response to exercise between female myrAkt and female littermate control mice (17% AE 3.6 vs.
17.8% AE 5.1). These data show that physiological hypertrophy can still occur in the context of constitutive activation of Akt.
Exercise performance and cardiac adaptation in MEKK1 À/À mice MEKK1 signaling has been demonstrated to both mediate Gaq-induced pathologic hypertrophy 32 and confer a protective role in cardiac disease. 30, 31 Because of the opposing roles of MEKK1 in hypertrophy, we examined whether exercise performance and cardiac adaptation to exercise were affected in MEKK1 À/À female mice. Since MEKK1 À/À mice were bred to each other, there were no littermate controls. MEKK1 À/À mice ran an average of 4.9 AE 0.8 km during each 24-h period ( Table 1) . Cardiac growth in MEKK1 À/À mice was observed as a result of voluntary wheel running as indicated by an increase in cardiac mass and HW/BW ratio compared to sedentary MEKK1 À/À mice resulting in a 13.8% increase in HW/BW ratio (Figure 3 ), similar to the increase observed in other mice. Expression levels of cell cycle genes in NTG mice, and exercise performance, cardiac adaptation, and histology in cyclin D2 À/À mice Although there is evidence that cyclin D2 signaling mediates both cardiac hypertrophy and cardiomyocyte proliferation during cardiac disease, 34, 35 the role of cyclin D2 in physiological hypertrophy is not clear. Therefore, we evaluated expression levels of cell cycle genes including cyclin D1, cyclin D2, cyclin E1, and cyclin-dependent kinase (CDK) 4 in sedentary and exercise CB6F1 NTG female mice. In the exercised hearts, cyclin D1 and cyclin D2 mRNA levels were significantly increased compared to the sedentary group (Figure 4(a) ) while there are no statistically significant differences in gene expression of CDK4 and cyclin E1 (P value ¼ 0.06). These data suggest that increases in gene expression of a subset of cell cycle proteins, including cyclin D2, are associated with physiological hypertrophy. Next, we subjected female mice deficient in cyclin D2 to 21 days of exercise training and determined that cyclin D2 À/À female mice exercised to a similar extent compared to their littermate controls ( Table 1) . In contrast to the other transgenic mouse lines, female cyclin D2 À/À mice had limited hypertrophic growth when subjected to exercise. Both heart weight and HW/BW ratio of exercised cyclin D2 À/À female mice were not significantly different from sedentary mice (HW/BW ratio: 4.6 AE 0.08 mg/g vs. 4.9 AE 0.08 mg/g) (Figure 4(b) ). Consistent with heart weights and HW/BW ratios, myocyte cross-sectional area in NTG hearts was increased after 21 days of exercise training, whereas exercise did not affect myocyte cross-sectional area in cyclin D2 À/À mice (Figure 4(c) ). The percent increase in HW/BW ratio in response to exercise was significantly reduced in cyclin D2 À/À mice compared to NTG littermates (Figure 4(b) ). Finally, we did not observe differences in the degree of interstitial fibrosis in the hearts of exercised and sedentary cyclin D2 À/À mice (data not shown). Taken together, loss of cyclin D2 does not impact exercise performance but exercise-induced hypertrophy is attenuated in these mice. Interestingly, we also observed a similar reduction in exercise-mediated cardiac growth in male cyclin D2 À/À mice suggesting that this effect is not sex-specific (data not shown).
Cardiac contractile function in sedentary and exercised NTG and cyclin D2 À/À mice
To determine the impact of reduced hypertrophic growth observed in the cyclin D2 À/À exercised female mice, left ventricular dimensions and function were measured by echocardiography. After 21 days of voluntary wheel running, NTG mice had markedly increased parameters of hypertrophy including left ventricular posterior wall end-systolic (LVPWs) thickness (0.99 AE 0.01 mm vs. 1.15 AE 0.05 mm) and left ventricular anterior wall end-systolic (LVAWs) thickness (1.02 AE 0.03 mm vs. 1.30 AE 0.06 mm) ( Table 2 ). In contrast, assessment of left ventricular dimensions in cyclin D2 À/À female mice did not show any differences between sedentary and exercised mice (LVPWs, 0.91 AE 0.06 mm vs. 0.96 AE 0.01 mm) ( Table 2 ). Fractional shortening and ejection fraction were also not different between sedentary and exercised NTG or cyclin D2 À/À female mice ( Table 2) . Taken together, these data support our findings indicating that cyclin D2 À/À females did not increase heart size in response to exercise. Moreover, despite the reduced hypertrophic response to exercise, cardiac function was not affected in these mice. Activation states of cellular signaling pathways in sedentary and exercised NTG and cyclin D2 À/À mice To address the mechanisms underlying the lack of exerciseinduced cardiac hypertrophy in cyclin D2 À / À mice, we measured the phosphorylation states of 46 intracellular signaling molecules in NTG and cyclin D2 À/À sedentary and exercised hearts. To accomplish this, we used a welldescribed phospho-antibody array (41, 42) . We carried out this analysis after seven days of exercise, reasoning that signaling events would precede hypertrophic events. Phosphorylation of 23 proteins increased more than 1.5fold in both NTG and cyclin D2 À/À hearts as a result of exercise when compared to sedentary animals (Table 3) . Remarkably, no proteins had a decrease in phosphorylation of more than 33% in either NTG or cyclin D2 À/À mice when comparing exercised to sedentary mice. We also compared exercised cyclin D2 À/À mice to exercised NTG mice and identified six proteins with phosphorylation levels more than 1.5-fold higher in exercised cyclin D2 À/À mice including Src, Fyn, Yes, Hck, Chk2, Fgr (Table 3 ). By comparison, phosphorylation of nine proteins was lower by more than 33.3% (Table 3 ). In other words, phosphorylation of these proteins was increased in exercised NTG mice compared to cyclin D2 À/À mice. These proteins include Pyk2, eNOS, AMPKa1, PLCg1, paxillin, p27 (both T198 and T157), c-Jun, and MSK 1/2. Consistent with a previous investigation, 22 we also report here increased Akt and GSK-3b phosphorylation in NTG hearts following seven days of exercise. These data suggest that signaling pathways are differentially regulated in hearts that undergo physiologic hypertrophic growth compared to hearts that cannot.
Discussion
Many signaling pathways have been identified in the context of pathological hypertrophy. Here we evaluated a number of these pathways to determine their role in physiological hypertrophy in response to an exercise stimulus. Our data demonstrate that the pathways studied do not impact exercise performance and that only cyclin D2 was found to be an important regulator of physiologic hypertrophy. We conclude that unlike many hypertrophic signaling molecules tested here, cyclin D2 appears to be required for both pathologic and physiologic cardiac hypertrophy. These data underscore and provide further evidence that the signaling pathways that mediate physiological and pathological hypertrophy are distinct. GSK-3b is a serine/threonine kinase that is ubiquitously expressed and, in contrast to most other proteins kinases, is normally active and negatively regulated by phosphorylation. GSK-3b regulates many biological functions 45 and evidence has clearly shown that GSK-3b is a negative regulator of pathologic cardiac hypertrophy in vivo. 20 Using the same transgenic mouse model as that used here, overexpression of constitutively active GSK-3b attenuated various forms of pathological hypertrophy including pressure overload, b-adrenergic stimulation, and hypertrophic cardiomyopathy. 20, 21 Researchers also studied mice with inducible overexpression of constitutively active GSK-3b and determined that active GSK-3b mediates the reversal of established pressure overload-induced hypertrophy. 46 Finally, a recent investigation used a genetic homozygous GSK-3b knock-in (KI) mouse model in which serine 9 was changed to alanine, rendering the isoform constitutively active. 47 These investigators found that GSK-3b KI prevented pathological hypertrophy following pressure overload. 47 With respect to physiological hypertrophy, previous studies have demonstrated that voluntary wheel running and treadmill exercise stimulate GSK-3b phosphorylation. 22, 48 Interestingly, our laboratory previously demonstrated that active GSK-3b blunts the hypertrophic response to pregnancy using the same mice used here. 49 While much evidence supports GSK-3b acting in an anti-hypertrophic manner, recent investigations have questioned this role (as reviewed in Cheng et al. 50 ) and additional studies will be required to determine the precise role of GSK-3b activation in cardiac health and disease. Nevertheless, we found that constitutive activation of GSK-3b in the heart does not affect exercise performance nor does it inhibit physiological hypertrophy. These findings are important because if chronic activation of GSK-3b prevents pathologic hypertrophy, therapeutic strategies to maintain or increase GSK-3b activity would allow for physiological hypertrophy and its associated benefits to occur. CaMKII is also a serine/threonine kinase activated by Ca 2þ /calmodulin that regulates intracellular Ca 2þ handling or regulatory proteins. 7 Upregulation of the delta3 isoform of CaMKII was demonstrated in human heart failure 51 and subsequent animal studies have determined that CaMKII is a critical modulator of pathological hypertrophy. 7 Anderson and his colleagues 23, 24 created a unique genetic mouse model that expresses a CaMKII inhibitory peptide, and demonstrated that CaMKII inhibition prevented various forms of cardiac disease including maladaptive remodeling and apoptosis as a result of excessive b-adrenergic receptor stimulation and myocardial infarction, and reduced cardiac dysfunction, arrhythmia susceptibility, and sudden death in calcineurin-mediated cardiomyopathy. 52 Using the same genetic mouse model here, we found that cardiac-specific CaMKII inhibition does not affect the ability of a mouse to exercise nor does it prevent exercise-mediated cardiac growth. Taken together, these data indicate that myocardial inhibition of CaMKII can reduce pathological hypertrophy and, at the same time, allow the beneficial aspects of physiological hypertrophy to take place. These findings further underscore the importance of CaMK inhibition as an effective therapeutic strategy for patients with heart failure as suggested by Anderson et al. 53 Akt is a serine/threonine kinase and an important part of the IGF1/phosphoinositide 3-kinase [PI3K, (p100a)]/Akt signaling cascade, the best characterized signaling cascade regulating physiological hypertrophy. 3, 9 We previously observed increased Akt phosphorylation during physiological hypertrophy, 22 and more importantly, DeBosch et al. 27 showed mice deficient in Akt1 were not capable of increasing their heart Note: Bold text indicates an increase in phosphorylation greater than 1.5-fold in both NTG and cyclin D2 À/À exercised mice compared to sedentary mice. size in response to exercise. The mouse model studied in the current investigation (constitutive activation of Akt through myristoylation) has heart sizes that are $2-3 times larger than wild type hearts with no evidence of pathology at 16 weeks of age. 29 On the other hand, long-term activation of Akt in these mice was found to be maladaptive in ischemia/reperfusion injury. 54 Because of these findings, it was unclear whether these mice would have the capacity to exercise on the voluntary wheel and whether their hearts could undergo further hypertrophy. We observed normal exercise capacity and, surprisingly, their hearts were able to undergo additional growth ( Figure 2 ). In fact, these mice had a similar percent increase in their HW/BW ratio as compared to their NTG counterparts. It is unclear whether physiological hypertrophy resulted in these mice from the activation of signaling pathways independent of Akt or whether the physiological hypertrophy was mediated solely through the increased Akt signaling. Nevertheless, these data indicate that even with cardiac-specific constitutive activation Akt, cardiac growth occurs in response to exercise. Stimulation of G protein-coupled receptors activates the MAPK signaling cascade leading to the sequential phosphorylation and activation of the three major terminal effectors, ERKs, JNKs, and p38-MAPKs. 55 Both human studies and animals models of heart failure have implicated MAPK signaling in cardiac disease. 56 Investigations evaluating the role of MEKK1, a MAPKKKK that regulates JNK and ERK1/2, in cardiac disease have found opposite roles for MEKK1 in cardiac hypertrophy. One group observed that mice deficient in MEKK1 were protected against pathological cardiac hypertrophy induced by Gaq. 32 In contrast, pathological cardiac hypertrophy and cardiac dysfunction were increased in these mice with pressure overload 31 and familial hypertrophic cardiomyopathy. 30 Here we demonstrate that expression of MEKK1 is not required for exercise capacity nor is it required for cardiac growth in response to the exercise stimulus. It appears, then, that although the role of MEKK1 in pathological hypertrophy may be stimulus-dependent, MEKK1 is not required for physiological hypertrophy.
Although D-type cyclins including cyclin D2 are important for cell cycle progression, 57 an association between increased expression of cyclin D2 and the development of pathological hypertrophy was previously observed. 33, 58, 59 More recently, studies have provided a mechanistic link between cyclin D2 signaling in myc-and pressure overload-induced hypertrophy. 34, 60 In these two studies, cyclin D2-deficient mice failed to achieve hypertrophy comparable to NTG mice in both models. Cardiac function was not measured in either study so the effect of blocking pathological hypertrophy on function in cyclin D2 À/À mice is not known. Little is known about the role of cyclin D2 in physiological hypertrophy. To our knowledge, this is the first study to demonstrate that cyclin D2 is a critical mediator of physiologic hypertrophy. Interestingly, the lack of hypertrophic growth, at least initially, does not detrimentally impact cardiac function or increase myocardial fibrosis.
It is well established that during cell cycle progression, cyclin D2 binds to CDK4 and CDK6 61 and the cyclin D2-CDK4/6 complex phosphorylates a number of cellular targets including the pocket protein, Rb. 62 The role of the cyclin D2-CDK4/6 complex has only recently been explored in cardiac hypertrophy. As previously mentioned, mice deficient in cyclin D2 have attenuated hypertrophy in response to pressure overload and this inhibition of cardiac growth is mediated through Rb. 34 Additional studies implicating this pathway in cardiac growth include a study that observed partial inhibition of pathological hypertrophy when the CDK4/6 inhibitor, p16 was overexpressed. 63 Furthermore, mice lacking p27, a CDK4/6 inhibitor, have baseline cardiac hypertrophy and exaggerated pathological hypertrophy following pressure overload. 64 Interestingly, our study observed increased p27 phosphorylation in NTG exercised mice but not in cyclin D2 À/À mice ( Table 3 ). Since phosphorylation of p27 reduces the ability of p27 to inhibit CDK4/6 activity, 65 we hypothesize that p27 is also involved in physiological hypertrophy. Although the levels of mRNAs encoding cell cycle proteins including cyclin D1, cyclin E1, and CDK4 were not measured in the cyclin D2 À/À mice, these data and our findings clearly demonstrate that the cyclin D2-CDK4/6 pathway is regulated in cardiac hypertrophy. Future investigations aimed at the elucidation of the mechanism preventing physiological hypertrophy in the cyclin D2 À/À mice will help further our understanding of exercise-mediated hypertrophy.
In addition to the changes in the phosphorylation state of p27, there was increased phosphorylation in molecules known to play roles in cardiac hypertrophy including Akt, MAPK kinase 1/2 (MEK1/2), GSK-3a/b, AMPKa2, and mTOR in NTG exercised mice. 9 Interestingly, a number of Src family tyrosine kinases had increased phosphorylation levels in exercised cyclin D2 À/À mice as compared to NTG exercised mice. Both Src and Fyn have been previously demonstrated to play a role in cardiac hypertrophy 66, 67 and evidence suggests that Fyn may be a negative regulator of hypertrophy. 66 However, the role these tyrosine kinases play in regulation of cardiac hypertrophy in the cyclin D2 À/À mice is unknown. Finally, phosphorylation of mitogen and stress activated kinase 1/2 (MSK1/2) is dramatically increased in the NTG exercised mice as compared to the cyclin D2 À/À exercised mice (15.5-fold versus 1.8fold, respectively). Little is known about the role of MSK 1/2 in cardiac hypertrophy except that increased phosphorylation of MSK1/2 is associated with phenylephrinemediated hypertrophy of isolated cardiac myocytes. 68 Further investigations are required to better understand the role of MSK1/2 in physiological hypertrophy.
In summary, we find that of the signaling pathways tested, only cyclin D2 is an important mediator of physiological hypertrophy. We also demonstrate that cardiac function and interstitial fibrosis is not affected by the attenuated cardiac growth in the cyclin D2 À/À mice and that a number of signaling pathways in these mice are differentially regulated. A limitation of this study is that the levels of cyclin D2 were only measured in a wild type mouse line and additional research is required to determine the mechanistic role of cyclin D2 in physiological hypertrophy. Nevertheless, this is the first study to demonstrate that cyclin D2 is a critical mediator of exercise-mediated hypertrophy and these data provide novel insights into the understanding of several well-characterized hypertrophic signaling molecules and their role in physiological hypertrophy. These data further underscore the differences in signaling pathways between physiological and pathological hypertrophy.
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